Many gram-negative bacteria secrete enzymes and toxins into the medium. In these organisms, secreted proteins have to cross a cell envelope composed of two distinct membranes. In recent years, several secretion systems have been well characterized, although the exact mechanisms have still to be elucidated. It would appear that a variety of mechanisms exist.
Most extracellular proteins are initially synthesized with an amino-terminal signal peptide and are thought to initiate their translocation across the inner membrane by the classical signal-sequence export pathway. The subsequent steps of transfer through the outer membrane and release into the external medium are governed by extragenic functions specific for each secreted protein (34) .
There is another group of secreted proteins that do not follow this secretion pathway and do not have an N-terminal signal peptide. First characterized for an Escherichia coli a-hemolysin (24) , this specialized secretion system has subsequently been identified in various other gram-negative bacteria (12, 18, 21, 26, 41) . The secretion process is governed by a specific sequence at the C-terminus of the protein (11) and three envelope proteins (21, 24, 45) . Nucleotide sequence analysis revealed a high degree of homology between the secretion functions from various microorganisms, suggesting that this specialized secretion system is widely used among gram-negative bacteria.
Pseudomonas aeruginosa, which secretes numerous extracellular proteins (involved in pathogenesis or of commercial value), is a challenging system for the study of secretion mechanisms. Genetic analysis has led to the identification of two secretion pathways (20, 48) : (i) a "general" secretion pathway, defined by the xcp mutations, which mediates secretion of most extracellular proteins, and (ii) an independent secretion pathway specific for alkaline protease.
Various secretion mutations (xcp) have been characterized and mapped at three different loci on the chromosome (9, 48) . These intracellular accumulation of exotoxin A, lipase, alkaline phosphatase, phospholipase, and elastase (9, 22) . Among these proteins, it has been shown that exotoxin A, phospholipase C, and elastase are synthesized with a cleavable signal sequence (3, 10, 33) . When cloned in E. coli, these various proteins were not secreted and remained in the periplasm, suggesting that specific functions absent in E. coli were needed for the last step of transfer through the outer membrane and release into the medium. The xcp genes might code for such functions. To elucidate the general secretion pathway defined by these genes, we have cloned the various xcp genes and have begun to identify their products (2, 8) .
In this study, we report the molecular characterization of the xcpA gene, previously cloned and referred to as xcp-J (2). The nucleotide sequence of a 1.2-kb SalI-Narl fragment was determined. The XcpA polypeptide appears to be a very hydrophobic protein of 31,832 Da, with four putative transmembrane segments. After the xcpA gene was cloned under the control of the T7410 promoter, the polypeptide was located in vivo in the inner membrane of the natural host, P. aeruginosa PAO1. Sequence analysis indicated that XcpA is almost identical to the recently characterized PilD protein of P. aeruginosa PAK (31) and highly homologous to the PulO protein involved in the secretion of pullulanase in Klebsiella pneumoniae (35) .
MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains and plasmids are listed in Table 1 . E. coli was grown in LB broth and LB agar. P. aeruginosa was grown in Pseudomonas isolation agar (Difco Laboratories), in LB broth, or in MMP medium (16) for T7 expression experiments. The strains were grown at 37°C unless stated otherwise. Antibiotics used in selective media were (in micrograms per milliliter): ampicillin, 50 (E. coli); kanamycin, 25 (E. coli); tetracycline, 20 (E. coli) and 100 (P. aeruginosa); and streptomycin, 20 (E. coli) and 250 (P. aeruginosa).
DNA methods. DNA fragments used in subcloning were purified by low-melting-point agarose gel electrophoresis. Minicell isolation and labeling of proteins. Minicells were purified from E. coli AR1062 which had been transformed with the appropriate plasmid exactly as described previously (2) . Labeling was carried out with 50 ,uCi of L-[35S]methionine per ml (1, 200 Ci/mmol; Amersham). Minicells were sedimented and suspended in sample buffer before sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE).
T7 polymerase-dependent expression in P. aeruginosa. The T7 RNA polymerase-promoter expression system of Davison et al. (4) was used to express the xcpA gene in P. aeruginosa PAO1. Two plasmids, pJRD253 and pJRD7pol or pJD14 and pJRD7pol, were transferred independently from E. coli to P. aeruginosa by using the conjugative properties of pRK2013. Cells containing both plasmids were grown in LB medium with appropriate antibiotics at 30°C to an A6. of 0.6. The cells were washed and suspended in MMP medium containing 0.5% methionine assay medium (Difco). Incubation was continued for 1 h at 30°C to deplete free methionine before the cultures were shifted to 42°C for 20 min to induce expression of the T7 polymerase gene. Rifampin (200 ,ug/ml, final concentration) was then added, and incubation was continued for a further 10 min before the cultures were shifted back to 30°C for 60 min. L-[35S]methionine (10 ,uCi/ml) was then added to aliquots of the cultures, which were incubated for an additional 10 min at 30°C. Labeled cells were pelleted and suspended in either polyacrylamide gel sample buffer or 30 mM Tris hydrochloride (pH 8) for subcellular fractionation.
Membrane fractionation. P. aeruginosa PA01 cells (200 ml) harboring pJRD253 and pJRD7pol or pJD14 and pJRD7pol were grown, and the T7 RNA polymerase was induced as described above. Labeled cells were suspended in sucrose buffer (20% sucrose, 15 mM Tris hydrochloride [pH 8]) and disrupted with a French pressure cell. The membranes were fractionated into inner and outer membranes by sucrose gradient centrifugation as described by Hancock et Nikaido (13) . Protein in each fraction was measured with a protein assay kit (Bio-Rad). To help identify the fractions containing the cytoplasmic or the outer membrane, the NADH oxidase activity and the 2-keto-3-deoxyoctonate (KDO) content of each fraction were measured. NADH oxidase was assayed as described by Mizuno and Kageyama (28) . KDO liberated by mild heat-acid treatment (32) was determined by the thiobarbituric acid method (46) . Samples were solubilized by boiling for 5 min in sample buffer (2% SDS, 0.3 M 2-mercaptoethanol, 30 mM Tris [pH 6.8] ) and separated in 7.5 to 15% polyacrylamide gradient slab gels as described previously (6) .
Nucleotide sequence accession number. The sequence shown in Fig. 2 has been assigned GenBank accession no.
M38720.

RESULTS
Nucleotide sequence of the xcpA gene. The xcpA gene was previously cloned, and it was shown that it was entirely carried on a 1.5-kb SalI-PstI DNA fragment (plasmid pJE4, Fig. 1 
) (2).
The sequence of both DNA strands was determined, as described in Materials and Methods, for the 1,200-bp fragment of the xcpA region ( Restriction sites: A, AccI; B, BamHI; BI, BalI; C, Clal; E, EcoRI; F, FspI; H, Hindlll; N, NruI; Na, Narl; P, PstI; S, Sall; Sm, SmaI. Restriction sites within parentheses were lost in plasmid construction. The tac promoter on vector pJF119EH (pJE4 and pJE4AB) and the T7i10 promoter on vector pJRD253 (pJD14) are shown. The location of the two potential ATG start codons within the xcpA coding sequence is indicated by asterisks. The amino acids corresponding to the junction sequence of pNC1 and pNF1 are those of the respective proteins (XcpA/,-galactosidase), which must be in the same reading frame in order to create a functional fusion protein.
probable coding region and to detect possible sequencing errors. This ORF had a G+C content of 65%, with a strong codon usage bias (89% G or C) in the third position. This is typical of chromosomally encoded Pseudomonas genes (47) .
To check the reading frame phase, two gene fusions with the 3-galactosidase gene were constructed at various restriction sites (Fig. 1) . Fragments NruI-ClaI and NruI-FspI containing lacIq, Ptac, and the 5' sequence of the presumed xcpA gene were cloned into the pNM482 vector, and the resulting plasmids, pNC1 and pNF1, were transformed into strain MC1061. In each case, the transformants expressed an isopropylthiogalactopyranoside (IPTG)-inducible P-galactosidase activity detectable on 5-bromo-4-chloro-3-indolyl-I3-D-galactopyranoside (X-Gal) plates, confirming the expected reading frame of xcpA.
Two potential ATG start codons were located at positions 136 and 250. In order to determine the precise translation start site, deletion clones were constructed by taking advantage of the restriction sites revealed by nucleotide sequencing. Deletion of the BalIl-BalI2 fragment (positions 89 to 157) of pJE4 removed the first ATG codon (Fig. 2) . The resulting plasmid, pJE4AB, was used to program minicells. Minicells were prepared from strain AR1062 transformed with plasmids pJE4 and pJE4AB and were labeled with L-[35S]methionine. Upon IPTG induction, minicells carrying pJE4 expressed a protein of about 26 kDa (Fig. 3, lane 1) , as described previously (2) . This protein was not detected when minicells carried pJE4AB (Fig. 3, lane 3) . Since the deletion of the first ATG resulted in the loss of the XcpA protein, we considered that translation probably started at the AUG at position 136. This start codon is preceded at a distance of 6 nucleotides by the sequence GGA, which could be the ribosome-binding site (39 Recently, Pugsley and Reyss (35) identified possible components of the secretion apparatus of K. pneumoniae pullulanase. They reported the sequence of four genes which are part of the pulC operon and are required for pullulanase movement to the cell surface and secretion (5 GCGCTGCTTTCCGGCTACGTCGCCTGGCATTTCGGCTTCACCTGGCAGGCGGGCGCGATG 540 of the xcpA and pulO gene products with the CLUSTAL4 program of Higgins and Sharp (15) revealed 48% identity between the two proteins. This homology extended throughout the PulO and XcpA polypeptides. As shown in Fig. 4 , the homology was greater in the C-terminal part of the two proteins (between amino acid residues 189 and 237 of XcpA, there was 73% identity in a 49-amino-acid sequence overlap without any gap). The PulO protein is located in the inner membrane and is predicted to have several transmembrane domains. When the hydropathy profiles of the two proteins were compared, they showed overall similarity (not shown). Both N-termini were hydrophobic, followed by a more polar region, and two or three other hydrophobic domains were present in the central and C-terminal parts of each protein.
Identification and localization of the xcpA gene product. The molecular weight of XcpA predicted from the DNA sequence is 31,832. The XcpA polypeptide identified in E. coli minicells had a molecular weight of 26,000 (Fig. 3, lane 1) (2) . There is a discrepancy between the predicted and the apparent molecular weights, the former being much greater than the latter. This may be attributed to increased binding of SDS, as expected from the high hydrophobicity of this protein. This phenomenon is well known for several inner membrane proteins, like lactose permease (29) and SecY protein (1) .
In order to identify the xcpA gene product in the original host, P. aeruginosa PAO, we used the recently described T7 RNA polymerase/T7li10 promoter system of Davison et al. (4) . This system is derived from the E. coli T7 system (43) through the use of compatible broad-host-range plasmids. The 1.5-kb SalI-PstI fragment of pJE4 was cloned into the vector pJRD253 (4), resulting in plasmid pJD14, carrying xcpA under the control of T74i10 promoter. This construct, pJD14, and the T7 polymerase-encoding plasmid pJRD7pol were both mobilized into P. aeruginosa PAO1 by triparental mating. After induction of T7 polymerase synthesis at 42°C for 20 min, cells were labeled with L-[35S]methionine for 10 min, as indicated in Materials and Methods. Polypeptides expressed from the T7i10 promoter in P. aeruginosa were analyzed by SDS-PAGE, and the results are shown in Fig. 5 .
Under these conditions, a 26-kDa protein was detected (Fig. 5A, lane 3) which migrated at exactly the same position as the XcpA protein identified in E. coli minicells (Fig. SA,  lane 4) . However, and in contrast to the situation in E. coli, XcpA appeared as a double band, there being less of the upper band than of the lower one and with a difference in molecular mass of about 1,000 Da. Pulse-chase experiments showed that this upper band was not stable and disappeared during the chase with a half-time of approximately 15 min (not shown). It was not very likely that this upper band represented a precursor with signal sequence for two reasons: (i) if this were the case, we should have observed it in E. coli minicells, very well known for slow processing of precursor forms (as an example, see the unprocessed form of ,-lactamase in minicells, Fig. 3) ; (ii) no typical signal sequence was found in the N-terminal protein sequence. It is thus more reasonable to assume that the upper form could represent an abnormal translation product of xcpA, one possibility being a partial suppression of the TGA codon at position 1006, the translation being stopped 6 codons downstream at TAG at position 1024. These data show that xcpA codes for a 26-kDa polypeptide in P. ae; uginosa as well as in E. coli. Thus, no particular posttranslational maturation seems to take place in the natural host as in E. coli.
Taken together, the data presented above suggested that XcpA could be an integral membrane protein located in the cytoplasmic membrane. To test this possibility, P. aeruginosa PAO1 cells containing both plasmids pJD14 and pJRD7pol were labeled after induction at 42°C with L-[35S]methionine for 10 min. Inner and outer membranes were then separated by the procedure of Hancock and Nikaido (13) , based on sucrose gradient centrifugations. To ascertain the efficiency of the isolation procedure, we determined the lipopolysaccharide-specific sugar KDO and NADH oxidase contents in each fraction. Cross-contamina- tion was on the order of 10 to 18%. Inner and outer membrane fractions were then analyzed on SDS-PAGE (Fig.  SB) . The XcpA protein partitioned unambiguously in the inner membrane (Fig. 5B, lane 2) . This finding is consistent with all our previous data and with the subcellular localization found for PulO (35) .
DISCUSSION
In the present study, we report the molecular characterization of the xcpA gene. Mutations in this locus have a pleiotropic effect on protein secretion (9, 48) , leading to periplasmic accumulation of several exoenzymes. The nucleotide sequence of xcpA was determined. The sequence data suggest that the XcpA polypeptide consists of 290 amino acid residues and has a predicted molecular weight of 31, 852 . This protein appears to be identical to the recently described pilD gene product of P. aeruginosa PAK, required for the biogenesis of pili in this organism (31 XcpA protein fractionated with inner membrane vesicles when the membrane fraction was centrifuged through sucrose density gradients.
In gram-negative bacteria, secretion is in most cases initiated by the signal peptide-dependent general export pathway. Secreted proteins are first synthesized as precursors, and translocation across the inner membrane is followed by cleavage of the signal peptide by the leader peptidase. In a second step, specific factors are needed in order to overcome the permeability barrier of the outer membrane (34) . Since the extracellular proteins affected by the xcp mutations are synthesized as precursors with a more or less typical signal sequence (3, 23, 33) , they presumably cross the inner membrane by the general export pathway by which all envelope proteins are exported. Moreover, the xcp mutants accumulate these proteins in the periplasm, suggesting a defect in a late secretion event (9) . Taking these data into account, it was expected that proteins required for exoprotein secretion would be located either in the periplasm or in the outer membrane, because the general export pathway was assumed to be sufficient to transport exoproteins across the inner membrane. The cytoplasmic membrane localization of XcpA could be indicative of a more complex secretion pathway, possibly involved in interactions with the secreted proteins in the early steps of their translocation across the membrane. Moreover, the identity of XcpA and PilD from strains PAO and PAK reveals that this pathway is not only involved in extracellular release, but could also be needed, at least in part, for the proper assembly of pili at the bacterial surface. pilD mutants of P. aeruginosa PAK accumulate the pilin subunit in both the cytoplasmic and outer membrane fraction, in a presumably unprocessed form (31) . Whether the different xcp genes, located at several loci on the chromosome (48) , are also involved in the export and assembly of pili remains to be examined.
Another important finding is the high identity (48%) between XcpA and PulO, a protein required for specific secretion of K. pneumoniae pullulanase (35) . This enzyme, secreted via a signal sequence-dependent pathway, needs the expression of a minimum of 12 genes located on both sides of the pulA structural gene for completion of the secretion process (36) . Such a high degree of identity between XcpA and PulO suggests that these proteins are subjected to selection pressure resulting from functional similarities in these two secretion systems. XcpA--_
The same subcellular location was assigned to XcpA and PulO. Both proteins possess several putative membranespanning segments and are presumably largely embedded in the inner membrane, with limited regions exposed to the cytoplasm or periplasm. Interestingly, the best-conserved segments are not the parts of the proteins postulated as being transmembrane domains. This suggests that the role of these hydrophobic regions is mainly structural, determining the configuration in the cytoplasmic membrane, the functionality of the proteins probably residing in the more polar regions. Future site-directed mutagenesis experiments will provide more information on this point. In contrast, it is worth noting that an E. coli SecY homolog was recently identified in Bacillus subtilis (42) ; the sec Y gene codes for an integral membrane protein that is thought to form a channel for polypeptide translocation across the inner membrane. In this case, the hydrophobic regions were particularly well conserved, suggesting that their primary sequence is important for mediating critical protein export reactions.
The homology between the XcpA and PulO proteins is the first suggestion of the existence of a signal sequence-dependent mechanism for secretion of exoproteins common to two unrelated gram-negative species. Moreover, we report elsewhere (9a) the homology between the proteins encoded by the xcp genes located at 55 min on the chromosome and pulL and pulM, two other genes involved in pullulanase secretion. Thus, a general conservation of the secretion functions between the two organisms seems to exist. However, there are important divergences between them. First, the genetic organization is obviously different. In K. pneumoniae, all 12 pul secretion genes are clustered on an 18-kb DNA fragment (35) . In P. aeruginosa, xcp genes are located at three loci dispersed on the chromosome (48) . pulO is the last gene of an 11-gene operon; xcpA is apparently located at 0 min, and DNA sequences located upstream and downstream of xcpA did not reveal any homology to any pul gene (data not shown). Second, in K. pneumoniae, pullulanase seems to be the only protein secreted by the pathway defined by the pul mutations (34) . In P. aeruginosa, at least five proteins are secreted through the xcp pathway. Thus, a system thought to be specific for pullulanase is also used for the secretion of various proteins that are completely different in function and sequence. In conclusion, it appears that there are common themes in the secretion of proteins by gram-negative bacteria.
